Purpose: Metabolite cycling (MC) is an MRS technique for the simultaneous acquisition of water and metabolite spectra that avoids chemical exchange saturation transfer effects and for which water may serve as a reference signal or contain additional information in functional or diffusion studies. Here, MC was developed for human investigations at ultrahigh field. Methods: MC-STEAM and MC-semi-LASER are introduced at 9.4T with an optimized inversion pulse and elaborate coil setup. Experimental and simulation results are given for the implementation of adiabatic inversion pulses for MC. The two techniques are compared, and the effect of frequency and phase correction based on the MC water spectra is evaluated. Finally, absolute quantification of metabolites is performed. Results: The proposed coil configuration results in a maximum B þ 1 of 48 mT in a voxel within the occipital lobe. Frequency and phase correction of single acquisitions improve signal-to-noise ratio (SNR) and linewidth, leading to high-resolution spectra. The improvement of SNR of N-acetylaspartate (SNR NAA ) for frequency aligned data, acquired with MC-STEAM and MC-semi-LASER, are 37% and 30%, respectively (P < 0.05). Moreover, a doubling of the SNR NAA for MC-semi-LASER in comparison with MC-STEAM is observed (P < 0.05). Concentration levels for 18 metabolites from the human occipital lobe are reported, as acquired with both MC-STEAM and MC-semi-LASER. Conclusion: This work introduces a novel methodology for single-voxel MRS on a 9.4T whole-body scanner and highlights the advantages of semi-LASER compared to STEAM in terms of excitation profile. In comparison with MC-STEAM, MC-semi-LASER yields spectra with higher SNR. Magn
INTRODUCTION
1 H MRS is a noninvasive method allowing the detection as well as the quantification of several metabolites in the human brain. The introduction of ultrahigh field (UHF) scanners ( ! 7T) lead to an increase of the signal-to-noise ratio (SNR) and a higher frequency dispersion, hence better spectral resolution. These advantages promote the potential of MRS (1, 2) . Noteworthy, multiple studies have demonstrated the detection of up to 18 metabolites both in human and rodent brains at UHF (3) (4) (5) (6) (7) .
Despite the significant advantages of UHF for MRS, several technical challenges have to be addressed for efficient utilization of these prospective benefits. In particular, the severe B þ 1 inhomogeneity due to destructive interference (8) , the increased chemical shift displacement (CSD) between different metabolites, and the requirement of short echo time (TE) sequences due to shorter T 2 relaxation times are critical problems for MRS at UHF. Previous work has demonstrated the feasibility and prospects of the stimulated echo acquisition mode (STEAM) sequence and localization by adiabatic selective refocusing (LASER) sequence, along with optimized outer-volume saturation (OVS) and watersuppression (WS) schemes for the quantification of metabolites in the occipital lobe of the human brain at 9.4T (9) . Furthermore, studies have demonstrated the advantages of localization schemes using adiabatic refocusing at 7T (4, 10) . Adiabatic pulses provide localization profiles that are robust against B þ 1 inhomogeneity. However, their implementation can introduce high specific absorption rates (SAR) due to high B þ 1 peak power requirements and longer TEs compared to nonadiabatic sequences such as STEAM (11) . On the other hand, in STEAM only half of the available signal is detected. A suitable compromise between TE and power deposition with adiabatic refocusing is the semi-LASER sequence (4, 12, 13) . In this technique, localization is performed by a conventional slice-selective excitation pulse followed by two pairs of refocusing adiabatic fast passage pulses (AFP). In this way, a full-intensity free induction decay (FID) is acquired at reasonably short TEs (e.g., 25 ms (4)). Moreover, the high bandwidth of the refocusing AFP leads to lower CSD. The fact that refocusing AFP pulses typically have good slice profiles with little refocusing outside of their bandwidth and that in semi-LASER the pair of refocusing AFP is repeated twice leads to improved excitation profiles largely devoid of lipid contaminations and greatly reduces the need for OVS. In addition, J evolution is reduced for J-coupled metabolites due to the Carr-Purcell train behavior of semi-LASER (14,15).
The need for higher B þ 1 fields with the use of adiabatic pulses requires the implementation of more efficient coil setups at UHF. For this purpose, transceiver channel coils are placed adjacent to the area of interest, combined with optimal B þ 1 phase shimming (9, 16, 17) . Another technical challenge at UHF is the increased and variable inhomogeneity of the static magnetic field (B 0 ) due to susceptibility effects as well as physiological and involuntary gross head motion. Minor bulk motion or breathing-related field variation can shift the frequency and phase of the acquired FID signals, increasing the linewidth of the summed spectra and decreasing the SNR because of the nonconstructive summation of acquisitions.
Water suppression is an essential part of MRS for the prevention of gradient modulation sidebands and baseline distortions. This complication becomes more critical at UHF because stronger gradient amplitudes are used to realize short TE sequences and minimal CSD.
Nevertheless, several studies implementing non-watersuppressed MRS techniques such as metabolite cycling (MC) (18) have shown their potential in addressing these challenges. MC allows the simultaneous acquisition of water and metabolite spectra without scan time prolongation or the need for a water reference scan. MC, which involves alternating the adiabatic inversion of the upfield and downfield part of the spectrum without alteration of the water signal, has been incorporated in point-resolved spectroscopy (PRESS), LASER, and STEAM sequences (19) (20) (21) (22) .
Studies utilizing MC-PRESS have demonstrated the advantages of this technique compared to watersuppression techniques. In particular, the non-watersuppressed signal can be used for frequency, and phase alignment prior to averaging as well as eddy current correction, which is of particular value in very small voxels of interest for applications in the spinal cord and the myocardium as well as for GABA editing at 3T (23) (24) (25) . MC-PRESS also has been utilized for the measurement of magnetization exchange of the downfield resonances in the human brain and muscle (20, 26, 27) . At 3T, diffusionweighted MC-STEAM has been shown to offer ways to prevent motion-induced overestimation of diffusion coefficients (28) . Furthermore, MC MRS holds potential for the simultaneous detection of blood-oxygen-level-dependent changes in water and metabolite alterations under functional stimulation (29) . However, PRESS uses nonadiabatic refocusing and suffers from a large CSD due to limited radiofrequency (RF) bandwidths, especially in human applications.
Thus, the purpose of this study was the development of two new sequences for UHF MRS in the human brain at 9.4T utilizing the MC technique and thus preparing the ground for follow-up investigations with regard to exchange spectroscopy, functional spectroscopy, and diffusion-weighted spectroscopy at 9.4T. In particular, an asymmetric adiabatic inversion pulse (InvP) optimized for MC at 9.4T was incorporated with STEAM and semi-LASER optimized to account for inhomogeneous transmit fields and minimizing CSD. These two new sequences, along with the appropriate hardware setup, were then used for the acquisition of in vivo data from the occipital lobe of the human brain and their performance was compared. In particular, frequency fluctuations at 9.4T were quantitatively investigated, and the related effect of frequency and phase correction from the MC water spectra on the overall spectral quality was studied. Finally, absolute metabolite quantification was carried out deploying LCModel (30) .
METHODS

Technical Description and Subjects
All measurements were performed on a Siemens 9.4T whole-body MRI scanner (Erlangen, Germany) equipped with a SC72 gradient system having a maximal nominal amplitude of 40 mT/m and a maximal slew rate of 200T/m/s. All measurements were performed using a home-built proton coil with eight transmit and 16 receive channels (31, 32) . Available peak power from the amplifiers was 8 kW, with 50% line loss. To obtain high B þ 1 values for the excitation of a voxel within the occipital lobe, the entire power was applied only to the three bottom coil elements using a three-way power splitter (Supporting Fig. S1 ). As a result, on average a maximum B þ 1 of 48 mT (ranging from 44 mT to 56 mT) could be achieved in a voxel within the occipital lobe (more detail provided in the Supporting Information and Supporting Fig. S1 ). The coil was tuned and matched for each volunteer individually before the beginning of the experiment using a homebuilt tuning and matching box (33) and a portable probe tuning device (Morris Instruments Inc., Ottawa, Canada), ensuring minimal reflected power. Eight healthy volunteers (six male and two female, age: 29 6 4 years) participated in this study. Written informed consent was given by all subjects prior to the examination, and the study had been approved by the local ethics board.
Optimization of Asymmetric Adiabatic Pulse for Metabolite Cycling at 9.4T
For the inversion of upfield and downfield metabolite signals without affecting the water peak, an InvP was applied. In this study, the InvP with pulse length, T pulse , is constructed of the first half of a sech pulse (HS 1/2 , R ¼ 31.415) for 0.9 T pulse , and the second half of a tanh/ tan pulse (R ¼ 100) for 0.1 T pulse . The detailed nomenclature and the pulse parameters are described in the study of Hwang et al. (34) . The InvP as an asymmetric AFP pulse features a steep transition bandwidth (BW trans , frequency range in which longitudinal magnetization M z : À0.95 M z /M o 0.95; M o : magnetization at thermal equilibrium) on the water side and a broad inversion bandwidth (BW inv , M z /M o À0.95) (Fig. 1a) . However, adaptation and optimization of the InvP for applications in the human brain at 9.4T were necessary for efficient inversion of the desired frequency range. On the upfield part of the spectrum ( < 4.7 ppm), the main metabolites extend from 1.3 ppm (lactate) to 4.1 ppm (myo-inositol). Similarly, in the down-field region ( > 4.7 ppm), the hydrogen compounds of interest lie within a range of about 3 ppm as well (5.2-8.2 ppm). Thus, the required frequency range for inversion is 3.5 ppm, which is equivalent to 1,400 Hz at 9.4T.
BW inv and BW trans depend on three parameters: 1) the duration of the InvP, T pulse , 2) the frequency sweep range of the frequency modulation function (FM), and 3) the B þ 1 amplitude. The acceptable combination of these three factors is restricted by the fulfillment of the adiabatic condition (35) .
Bloch equation simulations were performed using inhouse scripts in MatLab 2012b (MathWorks, Natick, Massachusetts, USA) to find optimal parameter sets. BW inv and BW trans were studied as a function of the three influencing factors for the following parameter ranges: pulse duration from 20 to 30 ms, frequency factor from 1 to 4 (see below), and B þ 1 values from 15 mT to 30 mT (Fig. 2) . The frequency factor is simply a number that is multiplied with the frequency sweep range of the FM. The original sweep range of the FM extended from À11.36 kHz to 0.12 kHz (18, 34) . Therefore, the frequency factor modifies the FM function of the adiabatic pulse and defines the resulting BW inv .
Aside from that, the frequency profile of the InvP exhibits an initial frequency offset (M z /M o ¼ 0.95) due to the asymmetry of the pulse, which also was investigated for different B þ 1 values, pulse durations, and frequency factors (Fig. 1b) . After simulations and the selection of appropriate parameters for the InvP, validation experiments were performed using a spectroscopic phantom containing lactate and acetate (Supporting Information and Supporting Fig. S2 ).
Development of Metabolite Cycled Localization Schemes
Two localization schemes were developed exploiting MC advantages based on conventional spectroscopy sequences.
The first scheme consisted of a conventional STEAM sequence in which an InvP for MC was incorporated during the mixing time (Fig. 3a) . The second localization strategy involved a semi-LASER sequence (4) that was preceded by a MC pulse (Fig. 3b) . For both sequences, a hammingfiltered 90-degree sinc pulse with a bandwidth of $8 kHz was used. The characteristics of InvP for MC were: minimum B For the semi-LASER sequence, both sagittal and coronal slices were selected using a pair of refocusing offset independent trapezoidal adiabatic pulses (4) optimized for 9.4T. The pulse duration was 3.5 ms, with a bandwidth of 8 kHz and a minimum required B þ 1 of 24 mT. The moment for all the spoiler gradients was set to 53 mT/m*ms.
MRS Data Acquisition
Placement of the spectroscopy voxel was facilitated using high-resolution images from 2D FLASH scans (inplane resolution: 0.7 Â 0.7 mm 2 , slice thickness ¼ 3.5 mm, 25 slices) acquired in three orientations (axial, sagittal, and coronal) and a 3D MPRAGE scan (36) . Afterward, a voxel (2 Â 2 Â 2 cm 2 ) was chosen in a mixed gray (GM) and white matter area (WM) within the occipital lobe. First-and second-order Bo shimming was performed using FASTESTMAP (37) and voxel-based power calibration was executed (38) . Next, localized MR spectra using the two described MC localization schemes were acquired from each volunteer (MC-semi-LASER with TE ¼ 24 ms, MC-STEAM with TE ¼ 8 ms, and mixture time (TM) ¼ 50 ms). For both cases, the repetition time was 6,000 ms, ensuring an acceptable SAR level (average SAR as a percentage of the maximum allowed value was 30% for MC-STEAM and 90% for MC-semi-LASER) and almost complete T 1 recovery; 96 averages were acquired with 4,096 time points and an 8 kHz receivebandwidth. jFreq invP j was set to 350 Hz. A phase-cycling scheme of 16 steps (4) was applied. The transmit reference frequency was set at 2.3 ppm for the reduction of CSD and minimization of lipid excitation. Neither water presaturation nor OVS was applied. The slice-selection gradients' polarity was selected such that the CSDshifted ROI of upfield fat peaks would be moved away from the skull (toward the anterior-right direction). Furthermore, macromolecular spectra were acquired for each volunteer (number of excitations (NEX): 64), with both sequences using a double inversion recovery technique (T inv1 ¼ 2,360 ms and T inv2 ¼ 625 ms) with a repetition time (TR) of 10 s (39, 40) . Finally, to avoid any influence of MC pulses on absolute quantification, water reference signals (NEX: 16) were measured with both sequences without MC and WS. The total exam time for each subject was about 50 min.
MRS Data Analysis
Raw data were analyzed in MatLab (MathWorks) with in-house processing routines. Data processing involved the following steps:
Step 1 was zero filling with a factor of two.
Step 2 was frequency and phase alignment (MC Corr) in the time domain (utilizing the fminsearch function within MatLab (MathWorks)) by minimizing the difference between individual FIDs. For comparison purposes, the data also were analyzed without frequency correction (MC Uncorr).
Step 3 was minimization of the residual water signal in the MC metabolite spectrum: Even-numbered MC spectra were multiplied by a scaling factor (F s ) between 0.90 to 0.97 before signal, as described in (18). The F s was calculated ensuring minimal residual water in the metabolite spectra. In step 4, water spectra were created by averaging odd and even numbered acquisitions. Metabolite data were calculated by subtracting even numbered averages from odd numbered FIDs.
Step 5 was truncation of FIDs at 250 ms.
Step 6 was zero-order phase and eddy current correction using the phase information of the water signal (41) . In step 7, signals from all 16 receive channels were combined using a singular value decomposition method (42) based on MC water data.
Step 8 was manual first-order phase correction for each dataset (0.015 6 0.011 degrees/ Hz).
Step 9 was the removal of water residuals using Hankel Singular Value Decomposition (HSVD (43) , only performed on MC Uncorr.)
Finally, full-width half maximum (FWHM) of the water and creatine (Cr) peaks, as well as the SNR of Nacetylaspartate (NAA) (SNR NAA ) and glutamate (Glu) (SNR Glu ) peaks were calculated. SNR NAA and SNR Glu were measured as NAA and Glu amplitude (frequency domain) at 2.01 ppm and 2.35 ppm, respectively, divided by the standard deviation of 1,000 points from 14.7 ppm to 12.3 ppm. For the creation of macromolecular template signals (39) , all the subjects' macromolecular signals were summed, and the averaged macromolecular spectrum was smoothed using cubic splines within MatLab (MathWorks) (smoothing parameter P ¼ 0.001) for noise reduction.
Statistical hypothesis testing for differences between STEAM and semi-LASER regarding FWHM, SNR, and F s was performed within MatLab (MathWorks) using onetailed nonparametric rank test (Wilcoxon signed rank test for equal and matched sample size) and the HolmBonferroni method for multiple comparisons correction. 
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For calculation of the metabolites' concentrations, the spectra were analyzed using LCModel V6.3-1L (30) . A basis set consisting of 19 metabolites was simulated using PyGAMMA (44) based on experimentally measured chemical shifts and J-coupling values (45) (46) (47) . The MC-STEAM basis set was simulated using a STEAM sequence (TE/TM: 8/50 ms) with ideal pulses, whereas the MC-semi-LASER was simulated using a spin echo sequence with ideal pulses and a TE of 6.5 ms corresponding to the apparent TE of the real sequence (4, 15) . The apparent TE was defined after comparing in vivo spectra, in particular, the NAA aspartate moiety, with simulated spectra (48) . Measured macromolecular templates were included in the models for both localization strategies. More details regarding quantification are provided in the text in the Supporting Information. Absolute metabolite concentrations in mM ([Met] mM ) without correction for relaxation were calculated using LCModel water normalized concentrations ([Met] Nwater ) through the following equation (49):
where 55,126 mM is the concentration of pure water at body temperature. f GM , f W M, and f CSF correspond to the GM, WM, and cerebrospinal fluid (CSF) percentages, respectively, and the relative densities of NMR-visible water (a GM ¼ 0:78; a WM ¼ 0:65; a CSF ¼ 0:97) were found in (50) . The denominator 1Àf CSF was implemented for partial-volume correction (30, 50) . The factor 2 1þFs ) was introduced to correct for the multiplication of even numbered acquisitions with the Fs (18) . No exclusion criteria were used for the calculation of cohort average metabolites levels for the avoidance of biased estimated mean concentrations (51) .
RESULTS
Coil Setup Performance
Phantom measurements demonstrate that the coil setup along with the appropriate phase increment and power distribution results in a maximum B þ 1 efficiency of 0.16 mT/V and an average value of 0.13 mT/V (Supporting Fig. S1C) . ( < 18 dB) ; therefore, prior whitening of the data was not required (52) . Figure 1 illustrates the simulated profile of the longitudinal magnetization for different B þ 1 levels, pulse durations, and frequency factors. The results demonstrate that the initial frequency offset of the inversion pulse remains practically unchanged with variations of B þ 1 . However, it increases for larger frequency factors and pulse durations (Fig. 1b) . Additionally, BW inv increases significantly for higher frequency factors and (Fig. 2) . Simulations showed that lower B þ 1 fields are required for longer pulse durations to achieve a given BW inv . For a frequency factor equal to 1 (left part of Fig. 2) , which corresponds to the pulse settings used in (18), a notably high B þ 1 is demanded to obtain a BW inv sufficiently large for spectroscopic applications at 9.4T. BW trans ranges from 60 to 80 Hz (0.15 to 0.2 ppm at 9.4T) for durations longer than 22 ms and varies slightly with alterations of B þ 1 . Finally, the experimental results from a spectroscopic phantom using a parameter set suitable for the chosen experimental setup (B 1(min) ¼ 22 mT, pulse duration ¼ 23 ms, freq. factor ¼ 2, jFreq invP j ¼ 325 Hz) verified the simulations and resulted in high-quality phantom spectra (Supporting Fig. S2 ).
Sequence Testing
Due to high coil efficiency and strong gradient system performance, a short TE of 8 ms for MC-STEAM and 24 ms for MC-semi-LASER, respectively, could be achieved (Fig. 3) . In particular, the duration of the Hammingfiltered sinc pulses used for slice selection in both localization techniques ranged from 1 to 1.2 ms, which in turn resulted in an excitation bandwidth of about 8 kHz. As a result, CSD was 5% per ppm for each voxel dimension. As a consequence, because the reference frequency was set at 2.3 ppm, CSD for the myo-Inositol peak at 4.05 ppm was 9% (1.8 mm), for the lactate peak at 1.31 was 5% (1 mm), and for the NAA downfield peak at 7.82 ppm was 28% (5.6 mm).
In Vivo Data: Effect of Reference Correction
Physiological motion during the scan led to frequency and phase fluctuations of the acquired signal (Fig. 4) . If uncorrected (MC Uncorr), spectra exhibit significant water residuals and baseline distortion. However, appropriate previous alignment of different MC metabolite signals gives rise to spectra with a flat baseline and water peak residual in the order of the NAA amplitude (Fig. 4,  bottom panel) .
MC-semi-LASER results show that average SNR NAA for MC Corr and MC Uncorr are 940 and 657, respectively, with a statistically significant improvement (P < 0.05) of 30% (Fig. 5) . For MC-STEAM data, the mean SNR NAA is 477 for MC Corr and 301 for MC Uncorr, with a similar improvement of 37% (P < 0.05) for MC Corr. In addition, a doubling of the SNR NAA for MC-semi-LASER in comparison with the MC-STEAM sequence is observed (P < 0.05). Moreover, SNR Glu of MC Corr data for MCsemi-LASER and MC STEAM are 243 and 151, respectively, resulting in statistically significant increase (P < 0.05) of 60%. In the case of MC-semi-LASER, ). Both the upfield and downfield parts of the spectrum are detected with good quality using both sequences. The red arrow indicates some contributions in the MC-STEAM spectrum likely to arise from outer-volume lipid signals. Spectra have been filtered for illustration purposes using a Voigt filter (Gaussian part: 50 ms, Lorentzian part: 7.8 Hz ). Asp, aspartate; Cr, creatine; GABA, g-aminobutyric acid; Gln, glutamine; Glu, glutamate; Glx, Glu þ Gln; GPC, glycerophosphocholine; GSH, glutathione; Lac, lactate; mI, myo-Inositol; MM, macromolecules; NAA, N-acetylaspartate; NAAG, N-acetylaspartylglutamate; PCh, phophsocholine; PCr, phoshocreatine; PE, phosphorylethanolamine and ethanolamine; sI, scyllo-inositol; Tau, taurine; tCh, PCh þ GPC; tNAA, NAA þ NAAG.
frequency alignment reduces the FWHM of the water and Cr peaks by 1.5 Hz (P < 0.05) and 3.5 Hz (P < 0.05), respectively, whereas for MC-STEAM the improvements are 2.0 Hz and 1.8 Hz, although no statistically significant difference was observed due to multiple comparisons correction.
MRS Data Quantification
MRS spectra from the GM voxel of a volunteer, as acquired with MC-semi-LASER and MC-STEAM, are illustrated in Figure 6 . Results demonstrate the higher SNR of MC-semi-LASER data, despite the longer TE. The MC-STEAM spectrum also features some slight contributions that are likely to arise from outer-volume lipid signals (highlighted by arrow in the Fig. 6 ). The LCModel fit shows an almost flat spline baseline and a well-fitted macromolecular template for MC-semi-LASER, whereas the MC-STEAM fit features a more varying spline baseline (Fig. 7) .
Frequency resolution in both localization schemes enables the quantification of 18 metabolite peaks (Fig. 8) , with Cramer-Rao lower bounds (CRLBs) lower than or equal to 100%, in both the upfield and downfield parts of the spectrum (Supporting Fig. S3 ). In addition, clear differences between the two sequences are observed regarding the shape of the aspartate moiety peaks of NAA at 2.67 ppm and 2.48 ppm due to J-evolution.
Absolute concentrations (not corrected for T 2 relaxation) for 18 metabolites, illustrated in Figure 8 , do not demonstrate any statistically significant difference after multiple comparisons correction.
CRLB values are systematically smaller for MC-semi-LASER than for MC-STEAM, however, without any statistically significant difference after multiple comparisons correction (Supporting Fig. S3 ) (Supporting Table  S1 ). The average percentages of GM, WM, and CSF within the voxel were 39.5%, 57%, and 3.5%, respectively, which corresponds to a water content of 73.6% using the assumptions mentioned in Methods. Absolute concentrations values illustrated in Figure 8 also are reported in the Supporting Table S2 .
DISCUSSION
In this study, two new sequences utilizing the MC technique, MC-STEAM, and MC-semi-LASER are introduced, implemented with the setup of optimized RF coils, and used to measure metabolite content from human brain Figure 8 . The red arrows indicate baseline distortion in the MC-STEAM spectrum due to some lipid contamination. For both cases, the voxel size was 2 Â 2 Â 2 cm 3 and 96 averages were acquired. The basis set included the following 18 metabolites: Nacetylaspartate, N-acetylaspartylglutamate, glutamine, glutamate, aspartate, g-aminobutyric acid, glycine, glucose, phosphorylethanolamine, glycerophosphocholine, glutathione, phoshocreatine, creatine, choline, phophsocholine, myo-inositol, scyllo-inositol, lactate, and a measured macromolecular (MM) baseline.
FIG. 8. Absolute concentration (not corrected for relaxation) values
for 18 metabolites from spectra acquired from eight volunteers (n ¼ 8) with MC-semi-LASER and MC-STEAM. Red lines indicate median values (50% quartile), whereas the bottom and top box boundaries demonstrate 25% (Q1) and 75% (Q3) quartile, respectively. Small red (þ) indicate data points beyond the whiskers (outliers). A statistical comparison was performed using a two-tailed Wilcoxon signed rank test for equal and matched sample size. No statistically significant difference was observed after applying the Holm-Bonferroni method for multiple comparisons correction. Median, Q1, and Q3 values for metabolite levels are reported in Supporting Table S2 . Asp, aspartate; Cr, creatine; GABA, gaminobutyric acid; Glc, glucose; Gly, glycine; Gln, glutamine; Glu, glutamate; GPC, glycerophosphocholine; GSH, glutathione; Lac, lactate; NAA, N-acetylaspartate; NAAG, N-acetylaspartylglutamate; mI, myo-Inositol; PCr, phoshocreatine; PE, phosphorylethanolamine and ethanolamine; sI, scyllo-inositol; Tau, taurine; tCh, PCh þ GPC; tCr, Crþ PCr; tNAA, NAA þ NAAG.
gray matter at 9.4T. Moreover, a detailed description including experimental and simulation results is given for optimization of the InvP for MC at very high field.
Results demonstrate that utilization of three coil elements with appropriate phase and power distribution at the location of the examined voxel (see anatomical image in Fig. 6 ) yield high and fairly homogeneous B þ 1 fields (48 mT). Efficient B þ 1 is necessary at UHF for the implementation of adiabatic MC pulses, for reduced CSD, and for short TE. The same coil along with different phase increments and power distribution can be utilized for the acquisition of spectra from other locations, such as parietal white matter (39, 53) .
Simulations highlight the demand for higher B þ 1 fields and longer pulse durations to achieve a large-enough inversion bandwidth. This outcome is in agreement with the adiabatic principle (35) and previous study results (34) . The simulations also show that, for the achievement of an efficient inversion bandwidth with pulse durations of 20 to 25 ms, strong B þ 1 fields ( > 20 mT) and large frequency sweep ranges are required at UHF.
Frequency and phase alignment of acquisitions strongly affects the resulting linewidths and SNR of the final spectrum. MC-corrected data for both sequences exhibits an increase of SNR for NAA by 45% and a decrease of the water FWHM of about 2 Hz. This finding confirms the outcomes of a previous MC study in the human spinal cord at 3T (24) . For WS single-scan data, frequency and phase correction routinely are performed using the NAA peak (9, (54) (55) (56) ; however, this method could not be investigated in this study because a fair comparison would necessitate water-suppressed data using WS scheme optimized for B1 þ inhomogeneity. Using MC-semi-LASER results in the doubling of the SNRNAA compared to MC-STEAM. This SNR benefit is inherent in the spin echo-based LASER techniques in comparison to STEAM and was not substantially compromised by the somewhat longer but still short TE in semi-LASER. The gain of SNR between semi-LASER and STEAM also has been reported in studies at 4T and 7T (4, 15) . Moreover, SNRGlu increases by 60% in the case of MC-semi-LASER (TE ¼ 24 ms) in comparison to MC-STEAM (TE ¼ 8 ms), despite the longer TE. This gain is the result of the full signal acquisition within semi-LASER and of the similar J-evolution of Glu in both methods because semi-LASER behaves as a Carr-Purcell sequence (14) and J-coupled metabolites were found to effectively evolve with a free evolution time of about 6.5 ms. Of note, the accuracy of the estimated metabolite SNR values is limited by spectral overlap with the underlying macromolecule signals.
Both MC-semi-LASER and MC-STEAM acquisitions provide well-resolved spectra in which 18 metabolites are detected. The quality of the MC-STEAM spectra is equivalent to published data using STEAM along with OVS at 9.4T (9) . In addition, the average FWHM of the water peak for MC-semi-LASER and MC-STEAM in this study are 18.6 6 0.5 Hz (n ¼ 8) and 17.9 6 0.5 Hz (n ¼ 8), respectively, whereas in (9) a mean water linewidth of 15.7 6 1.3 (n ¼ 6) was reported. This variation of both mean values and standard deviations can be assigned to the different B 0 shimming system (maximum amplitude for each shimming term), the different voxel location within the occipital lobe, and to the different calculation of FWHM. In this study, the FWHM of water was measured after averaging of the 96 acquisitions for each volunteer.
Although in this study shim variations between acquisitions were found to be minor, larger frequency and shim fluctuations related to significant displacement of the voxel severely could affect the resulting spectra because MC is a subtraction-based scheme (57) . In particular, large voxel shifts would result in water signals with different shape and size acquired from different locations. As a consequence, significant water residuals might be unavoidable in the metabolite spectra after signal subtraction. However, such degraded subtraction also could be largely prevented by elimination of outliers that can easily be detected based on the large water signal (28) .
Direct comparison of quantification results for the reported 18 metabolites (Fig. 8 ) with other published studies at 7T and 9.4T (4,5,58-60) is not trivial due to three reasons: Firstly, many of the previously reported absolute concentration levels either do not include correction for tissue composition, or a water content of 80% is assumed. In this work, the mean percentages of the different tissue types correspond to a water content of 73.6%. As a result, the currently reported values are expected to be about 7% lower compared to the case in which one assumes 80% water content. Secondly, in this study concentration levels are reported in mM (moles per tissue volume) and not in moles per tissue weight (mmol/g), which introduces another systematic difference of about 5%. Finally, relaxation correction is usually avoided in cases of long TR ( > 4,000 ms) and short TE ( < 30 ms). However, at UHF this assumption may introduce quantification errors due to a shorter T 2 and longer T 1 of the metabolites. Moreover, different T 2 values of metabolites are expected between the STEAM and semi-LASER techniques because the latter behaves like a CarrPurcell spin-echo sequence and longer T 2 values have been reported (14, 58, 59, 61) . Thus, interpretation of the current concentrations must be performed with care. However, a comparison with a semi-LASER study at 7T (62) shows good agreement in most of the metabolites' concentrations except myo-inositol, total creatine (tCr), and glycine. This difference can be assigned to the shorter T 2 relaxation times at 9.4T, as well as to potential lipid contamination due to the absence of OVS in this study.
CRLBs of MC-semi-LASER data are systematically lower than those for MC-STEAM (Supporting Fig. S3 ). This improvement of quantification is achieved due to the increased SNR in MC-semi-LASER in comparison with MC-STEAM. Moreover, the dissimilarity in CRLBs also arises because of LCModel noise-level estimation using the residuals and not true noise outside the spectrum. Lower lipid contamination in MC-semi-LASER also is highlighted from the fitting outcomes in which a basis set in combination with a measured macromolecular baseline results in a flat spline fit. Concentration levels for all the metabolites measured with both sequences do not demonstrate any statistically significant difference after multiple comparisons correction. However, Figure  8 indicates a difference in the concentrations of Cr and tCr between the two methods. This variation can be assigned to the small lipid contamination in MC-STEAM, which in turn results in a non-flat spline fit under the Cr peak at 3 ppm, as illustrated in Figure 7 .
To conclude, this is the first study in which semi-LASER is applied at 9.4T and the MC technique is implemented on a whole body 9.4T UHF system. The outcomes of this work highlight the advantages of semi-LASER compared to STEAM in terms of excitation profile, and indicate the importance of frequency and phase alignment for MRS at 9.4T in the human brain. MCsemi-LASER is an attractive choice for measurements at UHF because it enables the constructive summation of the different FIDs without the need for additional water reference scans for frequency alignment and eddy current correction, optimized OVS, or lengthy water suppression schemes. However, despite several disadvantages of MC-STEAM, it remains useful for measurements in which a short TE or TR is required due to the small number of pulses. In fact, MC-STEAM already has been used in a preliminary study for the measurement of the magnetization exchange between water and downfield metabolites in the human brain at 9.4T (53) . Furthermore, MC-semi-LASER was utilized in pilot studies for the characterization of the macromolecular baseline at 9.4T (39) and for functional MRS during visual stimulation at 9.4T, enabling the synchronous detection of functional changes of water and metabolites signals (29) .
SUPPORTING INFORMATION
Additional supporting information may be found in the online version of this article. Fig. S2 . Phantom spectroscopy measurements where the inversion pulse was implemented in the mixing period of a STEAM sequence. The methine quartet of lactate at 4.09 is easily observed. The characteristics of the asymmetric adiabatic pulse used for the experiment were B 1(min) : 22lT, pulse duration: 23 ms, freq. factor: 2, jFreq invP j: 325 Hz. The experimental results verified the simulations and resulted in high quality phantom spectra. Fig. S3 . CRLB values for 18 metabolites from spectra acquired from eight volunteers (n 5 8) with MC-semi-LASER and MC-STEAM. Red lines indicate median values (50% quartile) while the bottom and top box boundaries demonstrate 25% (Q1) and 75% (Q3) quartile respectively. A statistical comparison was performed using a two-tailed Wilcoxon signed rank test for equal and matched sample size. No statistically significant difference was observed after applying the Holm-Bonferroni method for multiple comparisons correction. Median, Q1 and Q3 values for CRLB values are reported in the Supporting Table S1 . Table S1 . CRLB values [mM] for 18 metabolites from spectra acquired from eight volunteers (n 5 8) with MC-semi-LASER and MC-STEAM. Results are reported in quartiles. Table S2 . Absolute concentrations [mM] for 18 metabolites from spectra acquired from eight volunteers (n 5 8) with MC-semi-LASER and MC-STEAM. Results are reported in quartiles.
